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Abstract 

A simple process for selccuye removal of carbon from single- walled carbon nanoiube samples was develope<I bved on a 
mild oxidation by carbon dioxide. The rcactiviiy profiles of as prepared and purified aanotubc samples were determined 
using both TC and a reUrcd analytictjl technique, controlled atmosphere programmed tcn^peracure oxidation (CAPTO). The 
complex differential race curves for weight loss (DTG) or carbon dioxide evolution (CAPTO) could be resolved by a scries 
of Gaussian peaks each associated with carbonaceous species of different rcaccivity. Comparisons were made between 
samples as received after prcpankdon by the laser ablation method, after purification by nitric acid oxidation, and both of 
these after reaction with CO,. TTie DTG of as prepared lubes had a broad major peak centered about 410 °C. Mild oxidation 
of as prepared nanotubes under flowing carboh dioxide at 600 **C preferentially removed more reactive carbon species 
leaving behind n narrower distribution about the major peak in DTG. In contrast ro the as prepared material, the sample that 
had been purified using nitric acid had a more distinct separation of the major DTG peaks between move and Jess readily 
oxitlizcd maicriol. Oxidation of this sample with CO, selectively removed the peak associated with the most readily oxidized 
material. The otiginol CO, oxidation cxpcnnnents performed on the analytical scale were successfully scaled up to a small 
preparative scale. 
Published by Elsevier Science Ltd. 

fCeyn^ords: A. Oubon nonocubcs; B. Oxidari<Mi; C. Thermal analyfiis (DTG and TCA); D. Rcoctivity 



I, Introduction 

Partial and selective oxidation has bcca routinely used to' 
modify the adsorption characteristics of acrivaied carbons. 
SinvJar approaches might be valuable in modifying single* 
wQlled carbon nanotubes (SWCNTs). In particular, it has 
already been demonstrated diat partial oxidation with 
carbon dioxide opens the ends of and "thins" mul6- walled 
nanotubes (1] os well as increases chc microporosity of 
soot [2J derived from arc vaporization of carbon. In fact, 
we have discovered chat mild oxidation with CO, is an 
effective way for activating SWCNTs, thereby increasing 
their hydrogen storage capacity [3]. In addition to activat- 
ing SWCNTs. mild CO, oxidation provides insight into 



*CoiTrspoadin){ author. 

E-nuiil address: hoekrarh@netl.doe.sov (B. BocVrath). 



iheir chemical reactivity and character. The application of 
thcrmogravimetry (TG) and related techniques is particu- 
larly valuable in this context. A cornparison between 
samples of raw and purified nanotubes received from 
tubes® rice [4] is the main focus of this work. The ibw 
material wns purified by panial oxidation using HNO3 
followed by extraction and washing [S]. This technique 
was devised to generate higli-purity SWCNTs by removing 
the commonly encountered contaminants: metalhc catalyse, 
amorphous carbon, "shells", and various fulleritc struc- 
tures. A recent extensive transmission electron microscopy 
(TEM) study of the effects of purificacion by (reatmeni 
with strong acids has shown that typically employed 
purification procedures lead to panial oxidation of 
SWCNTs themselves and sometimes to an extensive 
dismplion of the tubular structure (6). We report below on 
the use of carbon dioxide for the selective removal of 
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easily oxidized muterial from SWCNTs produced by ihe 
IftscT ablation method {7] and purified samples of those 
materials (31- 

2. Experimental 

SWCNT samples were purchased from tubes@ficc. The 
"Purified" grade was received as a suspension in toluene 
(6 mg/ml). Samples (typically 10 inl) were withdrawn and 
evaporated in a stream of Nj and thea heated to 110 'C at 
25 mniHg pressure Cor 2 h or at 140 "C for H h at 
atmospheric pressure (I mrnKg* 133.322 Pa) Samples 
were often stored under ambient conditions for days prior 
to use and mosc received moderate grinding prior to use. 
''Raw Material" grade was received as a solid fibrous 
maicrial and was subjected to moderate gnndiiig to facili- 
tate handling. Submicron nickel powder was pui'chascd 
from Aldrich. Huffman Laboratories performed the direct 
determination of the oxygen content of the nanoiubes Tlie 
amooni of GO and CO, formed during pyvolysis to 1200 
was determined m a Lecd R0^78 oxygen analyzer. 

2. /. Corbon dioxide oxidotion 

In a typical experiment. 60-200 mg of SWCNT was 
placed becv^een loose quartz wool plugs in a 20 cinxl2 
mm Vyeor nibc. This tube was placed inside a 1 in. O.D. 
quart? tube in a lube furnace (I in. =2.54 cm). The inner 
lube was connected to a gas manifold via PTFE fitiingR 
and a flow of dry argon was begun through the sample at 
10 ml /nun. Carbon dioxide waa then added lo bring the 
total flow 10 20 ml/tnia The sample was brought to about 
600 "C over the course of about 1 h while the effluent was 
monitored by mass spectrometry. After about 2 h at 
600 'C. the furnace was turned off and the sample wa5 
cooled lo ambient temperature under an Ar flow. A typical 
recovery was 68-69% (w/w) for both the purified and raw 
samples, 

2-2, Controlltd aimoiphert progrvmmed temperature 
oxidation (CAPTO) analysis 

CAPTO analyses were performed by Virolftc Industries 
(Wayncsburg, PA, USA). The general method has been 
deicribcd [S). Briefly, the ground sample (10-15 mg) was 
well dispersed in 12 g of WO,, added as a diluent, and 
packed into a quartz nibe. The WO^ wa:; heated under 0, 
CO 1050 before use to eliminate potential interferences 
due to trace organic contamination. A thermocouple lo- 
cated within the bed read the actual tcmperamre of the 
sample. A stream of pore oxygen regulated by a mass flow 
ccntioller at 100 ml /mi a was passed through the sample 
plug while it was heated using a programmed temperature 
ramp of 3 "C/min up to 1050 'C. Complete combiistion of 
the gases exiting che primary reactor was obtained in a 



secondary catalytic reactor held nt 1050 "^C A calibr«tAd 
Fourier transform (FT) IR spectrometer determined the 
carbon dioxide content of the exit stream, and the data was 
plotted as the mass of carbon dioxide evolved ns a function 
of s^imple tcmpciaturc. These plots were analyzed by a 
commercial peak fining software package or in some cases 
by using MS Excel ns described belo«. 

ZJ. Thermal analysis 

Nanoiubc samples (-2-3 mg) were placed in the 
platinum pan of a Perlcin-Elmcr Model TG-7 TO system. 
Submicron Ni samples used to emulate the oxidation of 
catalyst panicles were about 7 mg. Each type of sample 
was subjected to at least duplicate TG scans. The tempera- 
ture was i Increased aL 5*C/rhin. from ambient to )000'*C. 
Reactive gas flow, cither air or carbon dioxide, wa^ 50 
ml/min. The data files were written to a disc and opened 
with MS Excel. The first derivative of the cliermal curves 
was calculated numerically from a lO^poinl moving aver- 
age of the mass and temperature over a 5 'C range. 

Most DTG (derivative thcrmogravimctiy) curves were 
analyzed using multiple Gaussian curves of che form: 

y. =y<«.n, cxp[ -41n2(r. - 7-,,.,,)VHWdlh')] 

generated in MS Excel. Values of y, were generated for 
approximarcly 1600 points beiw;ecn i = 30°C and 1000 ^'C. 
where y^„^^^ ts the maximum rate of mass change at r^<„„„, 
and HfWdth represents the half width of the Gaussian 
curve. CAPTO curves and rhc DTG in air of carbon 
dioxide oxidized material were better fit by a log normal 
function instead of the simpler Gaussian cur/cs. Tl^e log 
normal function was of the form dwcribed by Billo (91 twt 
modified to include asymmetry before and after che 
extrcmum. The contributions of onch of the identifiable 
steps was made by integrating the curves generated from a 
non-linear . least squares fii obtained by using the add-in 
"Solver" widiin Excel. Adjustable parameters were peak 
height, half width, temperature at the maximum, and two 
adjustable asymmetry factors for che log normal functions. 
The rrioimum number of curves was used co fit each DTG. 
This was determined by increasing their number umi! the 
Pearson /?' value was not significantly improved. In one 
case (Fig. 5) Solver was not used because the non-zero 
baseline of the DTG cui^'t caused it to add very broad 
Gaussian peaks. Instead, six Gaussian functions were fitted 
manually and refined stepwise until the fit was judged 
visually adequate (A?"^ = 0.993). The areas under the in-, 
dividual peaks are given as the percentage of the mnis loss 
for TG or Uic percentage of total carbon dioxide formed 
for CAPTO. 

Z4. High-resoiuiion (HR) TEM 

Samples of raw material grade and purified grade 



^ . . . Apr 12 2005 5:18 

12/04/'2085 11:06 0147551296 ARMENGAUD PAGE 04/ 



Smith «/ ai. / Carbon 41 (2003) 1221-12^0 



1223 



SWCNT before and after COj oxidatiun >^ttt aliO ex- 
amined by HRTEM ai The University of Keniucky. TEM 
samples were prepared by 5;uspending about 1 mg SWCNT 
sample in 5 Acetone. The suspension wai uUrasonicaled 
for over 30 min lo separate oui »he bundles. One drop of 
the !i«pernawnt liqoid (transparent Jooking by naked eye) 
\Hn plrtced on n lacey carbon gnd. A Jeol 201 OP TEM 
system was opcroted at 200 W accelerating voltage. 
Digital images were captured by Geton CCD camera and 
software. 



3. Results and discussion 
3 J. RicS'purified SWCNTs 

€APnrO analysis of purified-gradc nee SWCNTs is 
shotf'D in fig. 1. The weight of carbon evolved as carbon 
dioxide is ploncd versus temperature. The curve shows 
that the iniilal oxidation scmting at 200 **C is the first of 
four distinguishable but uoreioNed peaks. The results of 
curve fitting (R' =0.999) and rnccgrarioa of the it\dividual 
compopCTits arc also shown. The first oxidation is centered 
ac 297 'C and accounts for 28% of the total, The major 
component (67%) is centered at 368 "C anci two minor 
components at 409 **C (1%) and 4S9*C (5%) foUow it 

One concern about TG and related nwihods is chc 
possibility ^f distortion caused by che effects of loca] 
heating from exothermic reactions. In fact, it has been 
reported that local heating caused by oxidation o( amor- 
phous carbon leads W the prc-ignition of SWCNTs [4,13). 
The CaPTO method was expressly designed (81 to mini- 
mize exothermic effects by providing a large thermal mass 
chough the heavy dilution (1200:1) of the sample with 
WO3. This ratio was selected in the original development 
of che method based on results of a progressive dilution of 
rhc sample. The effect of exothermic reactions was pro- 
gressively reduced with greater dilution until they wece 



extinguished befote reaching the ratios used here. The use 
of an even higher dilution had no effect on the result. 
Thus, CAPTO of purificd-iice SWCNTs using a 4000:1 
dilucion gave a curve practically identical 10 that in Fig. I, 
except for scale o( the response. Additional experiments 
wcie performed substituting quartz fibers or Cclitc for 
WO, 10 rule out the possibility that it mijeht act os an 
oxidation catalyst The fundamental aspects of the curves 
did not change indicating that catalysis by the diluent was 
not a factor. 

Typical TG «nd DTG curves for purified SWCNTs arc 
shown in Fig. 2. Sinailarities and differences between 
CAPTO (based on carbon dioxide evoUtdon) and TG 
(based on mass loss) are evident. First, TG shovt^s a noass 
loss of 3.2% occurs before 150*G that is probably due to 
water that had beer picked up from ambient air before the 
Lest, In separate experiments* mass loss ami mass spcc- 
tromeicy indicated that the SWCNT samples lost water (up 
to 8%, depending on sample history) wnder inert atmos- 
phere at tcmpcracurcs of 100-200 X. Second, mass Joss 
from oxidation begins ac ft higher temperature in TO (air) 
than in CaPTO (oxygen). In TG oxidation begins at about 
270 'C and seems 10 occur in at least four distinct, but not 
weU ."leparatcd steps. The residue at 1000*C amounted to 
9,9% of the original mnss. and is attributed to a mixture of 
cobalt and nickel oxides derived from the catalyst used in 
synihcsiiing the SWCNT [4]. Analysis of the residue by 
inductively coupled plasms (ICP) confirmed that it was 
made up of the oxides of these metals. 

A search for local heating effects in TG was mode using 
an approach similar to that done in CAPTO- Purified 
SWCNTs were ground and intimately mixed with 12 parts 
of WOj. When compared to Fig. 2, the form of the DTG 
was unchanged although there was somewhat more noise 
because of the scant amount of carbon in die sample. Thus 
evidence for effects due to uncontrolled cxoiherrruc re- 
actions is lacking in both TG and CAPTO. 

The DTG curve (Fig. 3) reveals that the major oxidation 
reactions beginning at about 270 X arc readily distinguish- 




0 ^00 400 600 800 1000 
teifiperature .(**C) 

Pig 1. Experi menial and calctilatcd CAPTO purified rice 
nanotubcs in oxygen. 




) 200 400 600 800 1000 
Temperature (^C) 

Fig. 2. TG and DTG of puri^cd nee nanfttube& in air. 
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Pip. 3. Expcrimenial and cnlculaied DTG of jnirlAed ncc 
ouiotubcs in air 

abic u at two processes. The curve Acs ibe data 
between 150 and 1000"C weD (^?' =0.997). TTie low 
tempBraturc oxklotioii reaches a maiCimum rate at 329 °C 
ond accounts Tor 36% of the total mass loss between the 
end of water cvulucion and 1000 "C. The main peak ai 
410 *C accounts for SS% of the mass change atid the high 
lemperaturc peaks at 537 and 61 2*0 accoimi for 7 and 
2%, rcspoctivcly The rentaining mass loss is indistinct in 
the dcrivfltjve curve, 

An arbilrory positive Gaussian curve was added to the 
calculated DTG curve to accovint for the mass gahi 
associated with the oxidation of the catalytic metals. The 
central temperature, half width, and peak height were 
allowed to vary, but the mass gain (2%) for oxide 
formQtion was sec by assuming an equi -atomic Co/Ni alloy 
was oxidized to the -♦-2 state. The final refinement placed 
its center at 439 'C. Evidence chat inclusion of this peak is 
reasonable was obtained from TG of a sample of pure 
nickel mcial of sub-micron particle »\zc. Oxidation of this 
nickel sample to NiO (98.7% of theory) took place 
between 350 and 6O0"C 

The oxidation using borh air (TG) and oxygen 
(CAPTO) indicates iwo major constituents arc present ir^ 
the purified naootube sample, but neither technique could 
fully resolve them. A less reactive but possibly more 
selective oxidant was chosen in an aliempi co improve the 
resolution. Thus TG was performed on the purified rioe 
sample in an atmosphere of carbon dioxide (Fig. 4). There 
are two major and easily distinguished mass losses, one 
between 200 and 600 ''C (32%), the other bctMvcea 650 and 
950 T (52%). 

A good fit of the experi mental DTG curve required a 
minimum of 5vc peaks for carbon (Fig. 5). Significantly, 
the first peak is resolved from the others and accounts for 
roughly the same percentage of carbon (33To) as the 
leading peak in the DTG under air (36%) and in CAPTO 
(28%). Thus the first major peak seems to be a common 
element in ail three techniques. Other similarities are 




0 200 4.00 600 800 lODO: 
T^inperatijre ("CJ 

Fig 4. TO »nrf DTG of puhfiol rice nanotutes in CO,. 

apparent The loss from 30 10 20O (6%), due mostly to 
water, and the mass remaining at the end (10.3%), were 
comparable to those found earlier. As before, the gain due 
to oxidation of tneinls was accounted for by including a 
musss increase (2%) basi^d on the theoretical amount 
expected. This contribution refined to the weight gain 
centered at 8U 'C. This correlates reasonably well with 
the oxidation of a sample of pure submicron Ni in carbon 
dioxide that began ar about 600 "C and renched a maxi- 
mum rate at 885 "C. The ultimate gain corresponded to 
98% of the theorttical amount for NiO. 

3.2. Carbon dioxide oxidized purified grade SWC/^s 

The analytical results described above provided reason 
to believe thw a selective removal of ihc most easily 
oxidized carbon could be accomplished on a larger scale. 
Accoidingly, the advantage of ondoihcnmjc oxidation by 
carbon dioxide was carried from the analytical to a small 
pieparativc scale in a tube furnace. Samples of poriHed rice 
nanoiubes were placed in a quartz tube and heated to 
610 for about 2 h under a flow of 50% carbon dioxide 
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Fij. 5. Expcrirncnca) and calculated DTG of purified rice 
nanotiibes in CO,. 



, . , Apr 12''2005 5:18 

12/04/2^85 11:06 0147551296 ARMENGAUD PAGE 06/ 



M.n. Smith e( ol. t Carbon 41 (2003) J121-J230 



in argon. The reAction wa» monitored by mass Spec- 
uoinctry. As (he temperaruit: increwcd n marked increase 
in the mU 28 peak in Uic mass sptcirjm of the cf fluent 
was observed, as expected from the reaction: 

After K6 h. this signal returned to the baseline associ- 
ated Willi ihc mass fragment derived fiom the flow of 
carbon dioxide. In rcplica&e cxpcrimcnta with varying 
sitmple sizes. 55-68% of the original sample weight was 
recovered after oxidation. 

A 10-mg portion of the CO, oxidised purifiisd rice 
material was siibjecfed to CAPTO analysis in oxygen as 
shown in Fig. 6. The data were bej;t fit = 0.999) by four 
functions, the two at lower tcmperotures being asymmetric. 
The major contributor is centered at 383 (88%) with the 
remainder at small peaks at 324 'C (5%), 409 "C (1%). and 
459 'C (5%). Comparison to Fig. I shoves that the leading 
peak has been largely removed by CO, oxidacion. 

The corresponding TG of ibis material is shown in Fig. 
7. A maw loss of 2% is centered at 94 *C (water) followed 
by the prominent and sharp oxidation reaching a maximum 
rate at 421 "C. Coniributions to the curve above 150*C 
were centered at 42 J ^C (84%). 498 X (10%), and 625 'C 
(5%). Again, by comparison with Fig. 3. it is apparent i^t 
the leading peak has been removed. 

For a closer comparison. Fig. 8 shoe's the overlay of 
DTG curves for a purified SWCNT before aod after carbon 
dioxide oxidization (note derivative scale difference). Tlie 
selective removal of the lower temperature constituents 
that was achieved by carbon dioxide oxidation ia apparent. 
The major component is slightly shifted (11 "C) to higher 
temperature. Thi.s may be the result of increased order 
produced by the annealing effcci of prolonged periods 
above 600 "C. Anneahng of . the ropc-like structures by 
heating to similar temperacuies has been reported (5). A 
similar increase (15*^C) is seen when the corresponding 
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Ternpera^ure (^C) 



Fig. 1. TG and experimontal and calculated DTG in air of a CO, 
oxidited purified rice 5WC^fT. 

CAPTO curves ore compared. The single main peak in 
both CAPTO (Fig. 6) or TG (Fig. 7) is evidence that the 
recovered material is relatively homogeneous. 

Comparison of the CAPTO and DTG analysei! shows 
tha[ The onset of oxidation progresses toward higher 
temperatures as the reactivity of the oxidant decreases as 
expected. It begins about 200 °C in pure oxygen, is delayed 
until 270 ''C in air, and does not begin until 300 *C in 
cnrix)n dioxide. Oxidation by carbon dioxide is the mosi 
scloccive of the three and the most reactive component is 
well separated from the others. Sij^nincantly, the lower 
temperature oxidation peak accounts for 28-36% of the 
purified rice nanotubcs in each analysis. Tbc buUc of the 
remaining material is accounted for by peaks centered at 
368 'C (oxygen) nnd 410'C (air). In accord with it% more 
selective nature, die high lemperanjre envelope under 
carbon dioxide was resolved by two major components at 
750 'C (35%) and 822 'C (24?o) and a minor peak at 870 
These three analyses all refleci the fact that nitric acid 
purified nnnocubes still contain a mixture of carbon species 
of difljenng reactivity. 




200 400 600 800 
Temperature ^C) 



1O0O 



Fig. 6. ExperimentAi and calculated CAPTO in oxygen of a CO, 
oxidized pvtnAcd rice SWCNT. 
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Fig 8 DTO of a paiificd occ SWOO" in aii bcfote and .ifusr CO, 
oxidation. 
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Kig. 9. TG and cxpcrimcniAl and calculated OTG of hoc row 
material SWCNTs in nir. 



3.3. Ccrhon dioxide oxidimd raw material 

'•' The TG and DTG curves arc given in Fi{f.. 9. Wtigiht loss 
in air started nenr 300 "C and continued to near 800 •C. 
Afrer complete oxidation 7.3-8.8% Co/Ni oxides re- 
mained, conespondmg co 5.8-6.9% of the metals in the 
sample. OTXj reveals a complex pacicrn of oxidation losses 
thm are well dcscnbed (P' = 0.996) by a sum of Gaussian 
peaks ac 313 (14%), 358 X (28%). 409 C^%). 
478 'C (6%), and 525 "C (8%), A peak for freight gain at 
438 X corrciponds to mciol oxidation. 

Compared to purified grade, raw material began to 
oxidize at a higher tempcr^lurc and rcquinxl a sei of moiB 
closely spaced Gaussian peaks for an adequate fit.. Sig- 
nificantly. Che major component of bodi samples is cen- 
tered fthouc 41 OX. By comparison of Figs. 3 and 9 it is 
evident that after puriScaiion the main component was ? 
somewhat larger f racoon of the totJ^l carboix. Wc also note 
that after purification the first two peaks found in the raw 
material are replaced by a single peak. 

If the peak around 410 X is due to nanotubes the 
material that comes before it must be assigned to forms of 
carbon that arc more readily oxidized. For the raw matchol 
the first carbon peak is reasonably assigned to amorphous 
carbon. This ossignment has been made in a study of 
SWCNTs made by the arc discharge method (10]. For the 
piirified sample the first peak is likely to include nanotobe 
fragments or badly damaged nanotubes introduced during 
the HNO;^ oxidarion. Disruption of d^e natiptube structure 
and the introducbon of a relatively high number of 
functional groups would make these fragmcnu prone to 
easier oxidation. In .suppon of this idea, we noie that 
partially damaged nanotubes containing many defects have 
been observed m the purified material by HKTEM [6]. 
Similar findings were made with SWCNTs purified by 
oxidation in aqueous H^O^ (U). In this case, amorphous 
carbon particles that coated the surface of nanotubes in the 
oxidized sample were removed by trentntent with NoOli. 
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Fig. 10. TC and DTC of rice raw linatcciAl allcr CO^ oxidation. 



A comparison between the raw material before and after 
CO, oxidation was made next. The oxidation was carried 
out at 600 X for 2 h just a$ with the purified sample. Tlic 
weight loss was about 31% nnd may be compared to the 
loss of 32-4595» observed with the purified material. On 
this basis, the reactivity of the purified material, which has 
already seen oxidation by HNO^, is at least as high or 
higher than chat of raw material. 

T>ic TG of the recovered raaicrial (Fig. 10) shows initial 
weight loss began at about 300 X and continued to about 
700 'C The weight of mc»xxl oxide residttes increased to 
14.3<%, corresponding to 11.3% metsls in the original 
sample. The DTG is wcU represented (/?' = 0 999) by 
Gaussian peaks centered at 319 X (7%), 363 X (29%), 
406 X (51%), 477 X (4%). and 526 X (13%). As before, 
Q peak for weight gain at 421 X indicates Che catalytic 
metals oxidize during the TG analysis in air but not under 
CO, at 600 X 

An overlay of the DTGs for raw material before and 
after CO, oxidation (Fig, 11) shows that the posi-COj 
oxidation profile is narrower and consistent with removal 
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Fig. 1 J. DTG of rice ra*' .material SWCNT in air before and after 
CO, oxidation. 
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of niorc Msily oxidized species. The same number of 
peaks is used lo fit both DTGs and the cenicift of ihc 
carbon peaks arc within seven degrees or less of each 
other In coouast to the. complete removol of the lowesi 
temperature peak found Nviih the purified sample, no peak 
has been completely eliminacod by CO, oxidation of the 
raw material. However, the distribution among the peaks 
has changed. Tlie relative nntount of net loss sustained by 
each peak was colcularcd by normalizing the curves based 
on the relative amount of metal oxide residue. A selectivity 
index was defined baaed on the normalized sreas to 
express the amount lost by each peak relative to the total 
amount of carbon lost. As shown in Table U the ftrsi and 
fourth pcJ»ks are more reactive than the average, while the 
( last peak is more resistant than the average. Vai% confirms 

the initial observation that the first peak suffers the greatest 
relative loss while the highest temperature peak has been 
relatively enriched. 

A HRTEM study was made of both purified and raw 
samplcii; befoiv: and afccr CO^ oxidation. Tlie sturting 
materials already have been the objeccs of extensive 
HRTEM studies IS.6]. The photographs given here comOrm 
ihai our samples conform to the expected characteristics. 
For example, inspceiion of several regions of the raw 
material gave evidence of the variety of simctures com- 
monly associated with ihip .sample. Fig. 12 shows bundles 
of SWCNTs. The nano- particulate metallic NiCo catalyst 
is also evident. Encasement of larger catalyst particles by 
graphitic carbon (not shown) was also observed. A smaller 
bundle of purified tubes is shown in Fig. 13. Overall, 
reduction in the amount of amorphous carbon adhering to 
the lubes is ob-served. Cataly.^t panicles encased in 
graphitic strictures arc still evident. 

Images of samples after CO, oxidation provide new 
information. Fig. 14 shows that the tubular structure. and 
rope-like arrays in the purified sample have been pre- 
served. It is nlso clear that the encasements of graphiTic 
carbon about the catalyst panicles also remain intaci (Fig. 
15). This observation is consistent wiih the fact Ihiit 

Tabic 1 

Selectivity of cart)on mmoval by CO, oxidaiion of rice raw 
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13.7 


6.7 
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27.5 


27.9 
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' Selecuviiy ii the ratio of catbon lout on CO, oxidation for 



each peak relaiivc to the total loss of corbon by the sample 
calculated from the ificTcn.w in nietMs eontcpi. 



4J am) I22J-J230 




Fig. 12. Ht8h-ic.<(oliition T^M of raw material. 



oxidation of the metallic porticlcs took place during the TG 
of the material recovered after COj oxidation. An array of 
tubes showing evidence of damage to the SWCNT bundle 
is presented in Fig. 16. Views of the CO, oxidized raw 
material show sinnilar aspects (Fig 17). In addition, it 
appears that some jU-defincd carbon nanostivctures and 
possibly amorphous carbon still adhere to the surface of 
the tubes. This again corresponds to the TG results that 
show CO, oxidation does not completely rennove the low 
cempecature peak from the raw matcrinl. In all of the 
images there is scant direct evidence of tube ends or open 




Fig. 11 High-icsolulion TEM of purified tubes, . 
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Fig. K. Higb-rc<toluuon TEM of purified lubec after CX), oxida- 
tion at 600 



lube ends, in particular. However, tube side-wall defects 
are apparent. These might arise from the enlargement of 
smal) defects by OAidation. For example, the nitric acid 
purification leaves behind up to 5% carbon in the form of 
oxyjEcnaccd functionalities presumed to cap the dangling 
bonds at dcfccr sites (12). These groups were removed by 
pyrolysis beginning at 350 'C. Significantly, the defects 
recreated by pyrolysis were oxidited again with ozone at a 




Fn;. 16. High-reioluiion IBM of purtfled (ubcs after CO, oxida- 
tion at 600 *C. Nore sidc-wRll damage. 

lower temperature, then thermally decomposed again ro 
create a cycle that effectively titrated tube defects with 
(12], In view of the ready dccompostiion of the partially 
oxidized sites and oxidation of the resulting defects. iC is 
reasonable to incerprei the reauUs of CO, oxidation in a 
similar way. In addition to the amorphous carbon that is 
well recogniicd to be reactive, carbons that were partially 
oxidized during the nitric acid purification would also be 





Fig. 13. Hij^h-fcaohition TEM of putificd tubes after CO^ oxida- 
tion (u 600*0. 



Fig. 17. High-resolution TEM of raw materia After CO, oxida- 
Tinn OI 600 *C. 
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more susceptible and thus tcJectivcly removed, by CO, 
oxidaiion. 

In chis light, It is inicresiing to coj>)pare the samples on 
rhc basis of oxygen content. Direct oxygen determination 
places the samples in Uic order- punfied (I3.3%)>purifted. 
CO, oxidized (8.0%)>raw (4.9%), Thus, the nitric acid 
oxidised material has the highest oxygen conrem, while the 
doubly oxidized matcriiil stands second. This result can be 
undcrsiood by taking into nccount the loss of OAygcnwed 
groups inaiTTcd by pyrolytic mechanisms ac ihc tempera- 
ture used for secoadanr CO, oxidation. 

4. Summ&ry and conclusions 

Raw ond purified SWCNTs produced by the lAfer 
ablation technique were analyrcd by CAPTO and TG. 
Both analyses (Pigs. 1-5) reveal that despite the consider- 
able extent of purification achieved by nitric acid oxida- 
tion« the poriOed sample remained a (oixturc of carbons of 
diffeient oxidative reactivity. Compaf^live analyses were 
conducted in three atmospheres of differing oxidative 
reactivity — oxygen, air, and cartx>n dioxide. In each case, a 
progression of four to five peaks way found as the 
oxidation temperature increased. The major peak in c*ch 
analyses was attributed (o nanotubes while minor peaks 
were associated with amorphous carbon, graphitic shells 
surrounding catalysts panicles, graphitic debris, or partially 
oxidized remnants of the nitric acid purification procedure. 
The oxidn^ion temperature for each component iiKrcascd 
as expected in going from oxygen to air to carbon dioxide. 
In addition, the degree of selectivity amor^g the com- 
ponents was inversely proportional to the oxidative severi- 
ty of dtc reactive atmosphere. Least discrimination was 
found under oxygen while most was found under catbon 
dioxide. Air was intermediate. 

The very selective nature of the endoihermic oxidaiion 
by carbon dioxide makes it a convenient preparative 
method for removing the most reactive components of the 
purified satnple. Thus, 28-36% of the mass wa.* removed 
trom samples ranging from 60 to 200 ing by isothermal 
oxidaiion under carbon dioxide at 600 T. Analyses of the 
remaining material by CaPTO (oxygen) and DTC (air) 
show thai the initial oxidation peak had been largely 
removed. This peak is associaieC'''wiih partially oxidized 
remnants of amorphous carbon and nanotube fragments 
remaining from the prior nitric acid purification. When 
applied to the raw material, the CO, oxidation was less 
successful in selectively removing the most reactive com- 
ponent. In this case the oxidation profile was. narrowed but 
tJie DTG still contained a lightly grouped series of five 
individual peaks. 

The idCDlification of (he material removed by carbon 
dioxide oxidation relies on circumstantial evidence. It is 
evident by examinfltioo of HRTEM images taken before 
and after the carbon dioxide oxidation that the main body 
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of nanOtubcs is preserved. The bcforx; images also are 
consistent with the conclusion of another TEM study that 
the nitric acid purification step leaves behind partially 
damaged tubes [6). U is reasonable that partially damaged 
tubes may be more susceptible to oxidation by c«rboo 
dioxide than whulc tubes and that the most extensively 
damaged tubes could he sdeclivcly removed from the 
purified sample by a controlled temperature oxidation. 
Selective removal is aided by the fact that the CO, 
reaclion is endoihermic. It has also been reported that 
thermal itcaimcnt promotes "healing'* of the defects by 
Skeletal rearrangements. At least some of this healing 
effect is achieved St 600 'C, Thus, two reactions may go 
on concurrently; removal of the most damaged tubes by 
oxidation, healing the less damaged Cubca by thermolytic 
reactions. 

No evidence was found in tl>e,^e experiments for effects 
due to local heating, ignition, or run away reactions. The 
TG and DTC curves (Fig. 2) display well defined features 
indicative of stepwise oxidation. Tlie relative size of the 
low temperature component is nearly the same regardless 
of whether oxygen, air. Oi carbon dioxide was used, 
consistent with selective reaction of an individual com- 
ponent, h is especially convincing that the cndothermic 
carbon dioxide reaction selectively removes the coae- 
sponding irolial peak of the exothermic oxidations. These 
results support the assignment of peaks to components 
accoitling to th6r oxidative reactivity. 

Selective oxidaiion by carbon dioxide is a .«mple, clean, 
and reproducible method for the refrioval of extraneous 
materials from SWCNT samples. The procedure does not 
require complex apparntus and has the added advantage 
that it requires no filtration or other separation Samples 
treated this way appear more uniform in their oxidative 
characteristics when analyzed by TG and DTG in air, or 
CAPTO in oxygen. This selective oxidation has a pro- 
nounced effect on the adsorption characteristics of these 
nanotubes (12] including the enhancement of their hydro- 
gen storage capacity by a factor of 2-3 [13]. 

Wc also note in passing that rhe oxidative rcaciiviiy of 
carbon nanotubes has become a more intriguing aspect of 
their many unusual properties since the report of their 
ready ignition on exposure to an ordinary phoio-fiash (l^J. 
Indeed, wc have reproduced the reported photo ignition 
u.Mng the same raw material nanotube sample that was 
studied here [151 Appreciation of their rcndy oxidation at 
relatively low temperatures as found above may also assist 
understanding of Che photochemical ignition, of nanotubes. 
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